Background
A critical visual task for pedestrians is the detection of pavement hazards likely to cause a trip or fall if not seen in sufficient time to make changes to gait (Caminada and van Bommel, 1984; Fotios et al., 2015) . Pedestrian falls are a significant societal problem (Berntman, 2015; Bird, 2008; Frith and Thomas, 2010; Mindell et al., 2012) .
After dark, one intended benefit of road lighting is that it enhances the probability of detecting pavement hazards. Recent experimental studies (Fotios and Cheal, 2009; 2013 , Uttley et al., 2017 have examined how the detection of pavement hazards is affected by changes in the illuminance from road lighting. For a critical hazard the optimal illuminance is approximately 1.0 lux. Further increase in illuminance brings negligible improvement in detection performance. The critical hazard was defined as a 10 mm variation in vertical height, much smaller than the previously assumed 25 mm threshold, and this was determined using data regarding foot clearance and injuries (Fotios and Uttley, 2018) . However, the experiments were conducted using simplified situations which raise questions of the extent to which the results can be safely generalised to wider situations. In particular, the hazards were always raised above ground level (i.e. they resembled kerbs, but not pot holes) and detection was not impaired by either disability from glare or performance of a parallel task. This paper describes further experimental work carried out to explore the significance to application of these three caveats.
General method
The detection of peripheral objects was examined in a scale model, a chamber approximately 1,2 m wide, 1,2 m deep, and 1,2 m high, with four obstacles at floor level (Figure 1 ). Test participants looked towards a small LCD screen on the rear wall of the apparatus at the same height as the participant's eye. In order to place the obstacle detection task in the peripheral visual field, a concurrent fixation task (number recognition) was displayed on a small LCD screen mounted in the centre of the back wall of the booth. Two random single digit numbers (1 to 9) were presented sequentially within the 500 ms duration of each trial (regular Arial font, 100 mm high, subtending 2,57° at the participant's eye, white digits of luminance 0,25 cdꞏ m -2 on a black background). This simple digit-recognition task was used to promote foveal viewing and measure (approximately, according to recognition accuracy) the degree to which foveal viewing was maintained.
The floor of the apparatus contained four cylinders, normally flush with the floor of the apparatus, but which could be raised or lowered by incremental amounts. The five simulated vertical sizes (height or depth) examined were 4 mm, 6 mm, 10 mm, 16 mm and 25 mm: the obstacle sizes presented in trials were scaled to subtend the same visual angle at the eye when observed in the test apparatus as if observed at ground level 3,4 m ahead.
The chamber was lit from overhead by LED light fittings. Test illuminances are as measured on the top surface of obstacle 1 when flush with the surrounding pavement. In all three experiments the overhead lighting was set to a spectrum providing an S/P ratio of 1,6 (CCT approximately 2600 K).
In a trial, the scene was observed for 500 ms (as controlled by the occlusion glasses); one of the four obstacles were raised (or lowered) to one of the five heights and the participant reported which, if any, of the obstacles were raised. To assess false positive responding, null condition trials were included. Experiment sequences were randomised. Data were analysed using correct detection rate plotted against target height.
Figure 1 -Plan and section of the apparatus
Each experiment was given approval through University of Sheffield ethical committee. Informed consent was gained from each test participant prior to trials.
Experiment 1: Raised and lowered hazards
Experiment 1 compared the detection of raised and lowered targets (Fotios et al., 2019) . There were three lighting conditions, LED 1, 2 and 3 used in separate trials, with each providing the same illuminance (1,0 lux) at the target location. Here we present the results as averaged across all three light source positions. Detection targets were raised and lowered cylinders. There were 20 participants (aged 19 to 35 years, 50 % male) in a repeated measures design.
The fixation target was correctly identified in 97% of trials, which suggests a reasonable degree of foveal fixation. There were 238 (24,6 %) false alarms within the 960 null condition trials: d' = 3,28. The results (Figure 2 ) suggested a significant effect of obstacle height (or depth) with greater variation in height being detected with greater frequency (p < 0,001). However, the results did not suggest a significant difference in the detection of raised and lowered obstacles of the same variation in vertical height (p = 0,41). Experiment 2 examined the influence of glare. There were four lighting conditions, target illuminances of 0,2 lux, 0,6 lux, 2,0 lux and 6,3 lux, all with the same SPD (S/P ratio = 1,6, CCT = 2800 K), with only LED2 being used in this experiment. A glare source was positioned at the same vertical height as the fixation mark, 2,64° to the left, and subtended a visual angle of 0,87° at the observer's eyes. The glare source provided 0,55 lux as measured in the vertical plane at the observation position (S/P ratio = 1,6). The glare source was intended to simulate the headlamps of an oncoming vehicle. The targets were all lowered cylinders. There were 20 participants (aged 19 to 33 years, 60 % males).
The fixation target was correctly identified in 97 % of trials, which suggests a reasonable degree of foveal fixation. There were 104 (16,3 %) false alarms within the 640 null condition trials: d' = 1,53. Figure 3 shows the detection rates plotted against horizontal illuminance. At the lower illuminance (0,2 lux) the presence of glare resulted in a significant reduction in detection rate at four smaller heights (t-test, p ≤ 0,001): at the three higher illuminances, the results did not suggest a significant effect of glare on hazard detection rate. This confirms that glare can affect detection rate, as expected, but should not be used to determine optimal conditions. This experiment used glare of only one illuminance, size and position: variations in these are likely to change the threshold at which glare leads to significant detriment in detection. 
Experiment 3: Parallel tasks
Experiment 3 tested obstacle detection performance in parallel with a facial emotion recognition (FER) task. FER is the evaluation of emotion as conveyed by facial expression and has been recommended as a suitable procedure for investigating lighting and interpersonal judgements (Fotios and Johansson, 2019) . In this experiment, the fixation target was replaced by an aperture behind which could be revealed a 3D face model (Figure 4 ). There were 9 faces, of which three presented a happy expression, three a neutral expression, two an angry expression and one a sad expression. In a given 500 ms exposure to the scene, either a face alone, an obstacle alone, both together, or neither were represented. The faces were presented face-towards the observer. The faces were fitted to a vertical wheel, allowing rapid (and automatically controlled) variation of the face (if any) presented in a specific trial.
The experiment was conducted at two light levels, 1 lux and 10 lux, these giving luminances of 0,15 cdꞏm -2 and 1,5 cdꞏm -2 on the target face. In each trial, the test booth was lit from above by both LED2 and LED3 together. LED1 was not used. Detection targets were raised and lowered cylinders. The observer was required to orally report which expression was portrayed by the face, if shown, to press a response button if an obstacle was present, and to do nothing if there were no faces or hazards (null condition trials). There were 30 participants (aged 19 to 35 years, 50 % males).
There were 468 (15,6 %) false alarms within the 3000 null condition trials: d' = 1,44. (For the FER trials, the false alarm rate was only 0,003 %). Figure 5 shows detection rate plotted against obstacle size for the two light levels for trials with and without the parallel FER task. For the smallest obstacle size detection performance approaches chance level for all four conditions and increases for larger obstacle sizes. While Figure 5 suggests that detection rate at 10 lux was greater than at 1 lux this was not a significant effect (ANOVA, p = 0, 26) . This is as expected from previous results. However, obstacle detection performance was reduced when conducted in parallel with the FER task (p < 0,001). The aim of this work was to test three of the caveats associated with previous work which has led to a proposed horizontal illuminance of 1,0 lux as being optimal for obstacle detection. These results suggest that detection is not affected by whether the trip hazard is raised or lowered relative to the pavement surface but is affected by disability due to glare and by performance of a parallel task.
The presence of glare reduced detection ability at the lowest of the four illuminances used in experiment 2. Only one glare source illuminance was used (chosen to represent a typical headlight), and if a higher illuminance were used that could lead to significant detection detriment at higher road lighting illuminances. One way to account for this would be to establish a representative set of glare sources and use disability glare models such as CIE146:2000 a model to establish the threshold adaptation illuminance at which the impairment due to glare transfers between the escarpment and plateau. Note that for the conditions of this experiment, disability glare did not have significant effect at the proposed design minimum of 1,0 lux. Detection performance was reduced when participants were also responding to the FER task. In those situations where pavement obstacles are likely (such as a cobbled street) then designers may consider increasing the horizontal illuminance.
There are further caveats to the generalisation of obstacle detection findings to application. These include light source, observer and hazard geometry: changes in these relative locations will affect the contrast and size of the obstacle and the shadow it casts. The effect of observer age has been examined in previous work Cheal, 2009, Uttley et al., 2017) : only at low illuminances do older people have significantly worse detection performance than younger people, with the effect of age being non-significant at the proposed minimum of 1,0 lux.
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